An analysis of the stable isotopes and the major ions in the surface water and groundwater in the Leizhou Peninsula was performed to identify the sources and recharge mechanisms of the groundwater. In this study, 70 water samples were collected from rivers, a lake, and pumping wells. The surface water was considered to have a lower salinity than the groundwater in the region of study. The regression equations for D and 18 O for the surface water and the groundwater are similar to those for precipitation, indicating meteoric origins. The D and
Introduction
The Leizhou Peninsula is located in the southwestern region of Guangdong province of China. Unconsolidated alluvial and lacustrine sediments and Neogene and Quaternary volcanic rocks overlie the basement rocks in this area [1] . The hydrodynamic evolution of groundwater is closely related to Quaternary volcanic activity, and groundwater geochemistry processes and the evolution of water chemistry exhibit unique characteristics. Consequently, studying stable isotope and geochemical techniques can significantly improve our understanding of groundwater hydrodynamical processes and chemical evolution. In the volcanic rock region of the island, rainwater quickly infiltrates into the ground because of its hydrogeological characteristics. Thus, it can be assumed that no significant evapotranspiration of rainwater occurs before or after infiltration [2] . Although volcanic rocks occupy a small fraction of the earth's surface, the hydrogeology of aquifers that are composed of volcanic deposits is important in the numerous islands and continental areas in which these materials are prominent [3] . Additionally, studies of the geochemistry of aqueous fluids in volcanic regions have been conducted in rivers around the world to understand the weathering of basaltic rocks and have provided information regarding geochemical cycles [4] [5] [6] . Most of the ions that are released into the water result from water-rock interactions in basaltic aquifers [7] .
Stable isotopes and geochemical techniques are important for determining the origins of groundwater in aquifers [8] , water cycling processes, and the rock-water interactions [9] and dominant geochemical reactions that control the surface water and groundwater quality. Stable isotope and chemical techniques have been used in groundwater studies of basaltic aquifers worldwide, for example, the Vesuvius Volcano in Italy [10] [11] [12] , the Central Indian Peninsula [13] , Kos Island [14] , and Chios Island of Greece [15] . Chemical 2 Journal of Chemistry processes may provide evidence of groundwater flow. The major ions in natural waters (e.g., K + , Na + , Ca 2+ , Mg 2+ , Cl − , SO 4 2− , and HCO 3 − ) have been widely studied to understand the geology of catchments, material loading into lakes and oceans, and local processes that affect water chemistry, such as rock weathering, evaporation/crystallization, and atmospheric precipitation [16] .
The Leizhou Peninsula is an ideal site for investigating volcanic hydrogeological environments [17] . A recent study indicated that groundwater contains low total dissolved solids (TDS) (ranging from 40 to 550 mg/L), is weakly acidic, and has a low pH between 4 and 7 [18] . Groundwater exploitation in this area began in the 1950s and has increased each year since 1980 due to industrial, agricultural, and municipal use. Various negative effects of groundwater overexploitation, such as decreasing groundwater levels, land subsidence, and seawater intrusion [18] , have become serious threats to volcanic hydrogeology and water quality.
This study was conducted in the Leizhou Peninsula with the following objectives: (1) to define the sources and origins of groundwater and surface water using stable isotope (
18 O and D) measurements; (2) to explain groundwater recharge and discharge by measuring the chemical compositions of groundwater; and (3) to analyze water-rock interactions based on hydrogeology and chemistry. The results of this study can be used to improve our understanding of hydrogeochemical processes and enable the protection and sustainable use of water resources.
Materials and Methods

Site Description.
The Leizhou Peninsula is located at the northern boundary of the Tropic of Capricorn in South China (Figure 1 ). The precipitation in this region is strongly influenced by the East Asian summer monsoon and, to a lesser extent, by the Indian summer monsoon [17] . This area, along with the entire South China Sea, provides the moisture supply for the summer monsoon rainfall throughout the eastern part of China from June to August and has a rich average annual rainfall of 1400 mm, with approximately 75% of the precipitation falling during this rainy season. From October to March of the following year, the northwestern winter monsoon prevails, which brings cold and dry continental air from the Siberian and Mongolian highlands that reduces the amount of precipitation that occurs in the Leizhou Peninsula. A significant water shortage occurs due to high evapotranspiration during the dry season. The mean annual temperature is [22] [23] ∘ C. The Leizhou Peninsula has a relatively flat volcanic topography and is located in the Tianyang basin in the south, which erupted between the midMiocene and Quaternary period. The volcanic rocks in the peninsula are mainly basalts and constitute more than 40% of the total surface area of the study region ( Figure 1 ). The basement rocks primarily consist of sandy shale, clay rocks, and granite. The volcanic basalt terrace is primarily at an altitude of 10-50 m, although certain volcanic cones reach altitudes of 100-260 m. However, Tianyang basalt primarily contains peridotite xenoliths and a few smaller clinopyroxene megacrysts [1] .
The surface hydrogeological map (Figure 2 (a)) primarily shows two types of aquifers: a loose rock porous aquifer in the north and a volcanic fissured aquifer in the south. These types of aquifers are accompanied by small amounts of coastal sandy porous aquifers in the surrounding coast. The geologic cross section shown in Figure 2 (b) indicates that the thickness of the phreatic aquifer increases from 5 to 15 m from north to south. The aquifer is primarily composed of gravel and sand, and the aquitard consists of weathered basalt. Within 800 m of the surface, 3 to 25 aquifers exist in the plains of the northern area and 2 to 3 aquifers exist in the highlands of the southern area. The basalt aquifer exhibits a higher hydraulic conductivity (average 234.3 m/d) and transmissivity (average 6904.3 m 2 /d) [19] . In addition, infiltration coefficients range from 3% to 20% of the total rainfall in the basaltic materials [20] .
Rich groundwater reserves are located in the Leizhou Peninsula, and the flow of groundwater in basaltic aquifers primarily occurs through open fractures and joints. Fossilized soils act as a local barrier to vertical flow. Therefore, perched aquifers have developed in areas containing thick and broad layers of these soils [7] . Highly developed fractures and vertical joints in the volcanic rocks result in a high vertical hydraulic conductivity, and rainfall infiltrates rapidly with only a slight surface runoff. Therefore, despite heavy rainfall during the summer, only a slight sustained stream flow occurs in the peninsular region. In addition, old basaltic lava flows with high permeabilities are widely distributed over the Leizhou Peninsula, producing good hydrological conditions for the groundwater [22] .
Water Sampling and Chemical Analysis.
Groundwater (shallow groundwater) and surface water samples were collected from the Leizhou Peninsula in June 2006 and used to analyze the groundwater source and groundwater flow system. Groundwater samples were collected from wells at depths of 10-30 m. The samples were collected as evenly as possible across the study area. Thus, some groundwater samples fell into the overall hydrogeological unit. Groundwater table contouring is similar to topographic contouring (Figure 2(c) , [21] ), with the shallow groundwater discharge occurring from high to low topography. The electrical conductivity (EC), pH, TDS, and temperature were determined in the field at the time of sampling. All of the water samples were transported to the laboratory at Chiba University to analyze the major ion concentrations and stable isotopes ( D and 18 O). The concentrations of K + , Na
SO 4 2− , and NO 3 − were analyzed using ion chromatography (HPLC, Shimazu LC-10A, Japan), and the HCO 3 − concentration was determined by titration [23] . The stable isotopes ( 18 O and D) were analyzed using a mass spectrometer (Finnigan MAT Delta S). The analytical precision for all cation and anion concentrations was 2%. For the oxygen isotopic analysis, approximately 10 mL of each water sample was equilibrated with CO 2 by shaking for 6 hours at 25 ∘ C [24] . For the hydrogen isotopic analysis, metallic zinc was used to produce hydrogen gas using the zinc reduction method [25] . The 18 O and D levels were reported per 
Statistical Analysis.
The Piper diagram is a graphical representation of the water sample chemistry that is widely used to evaluate the hydrochemical evolution of surface water and groundwater [26] . Overall, there are 9 zones in the Piper diagram ( Figure 3 ), each of which corresponds to a different water type. For example, the water samples collected in zone 9 indicate that the surface water and the groundwater were dominated by SO 4 2− . However, the water samples in zone 5
indicated waters dominated by HCO 3 − and Ca 2+ + Mg 2+ . Gibbs diagrams (Figure 4 ) are widely used to establish the relationships between the water composition and the lithological characteristics of the aquifer [27] . Three distinct fields, including precipitation dominance, evaporation dominance, and rock weathering dominance, constitute the segments in the Gibbs diagram, which can be interpreted using a simple plot of the TDS versus the weight ratio of Na [28] can be used to analyze problems involving the speciation of environmental pollutants and to determine which solids could be precipitated based on the saturation index (SI; [29, 30] ). The SI of a mineral is obtained as follows:
where IAP is the ion activity product of the dissociated chemical species in solution and sp is the equilibrium solubility product for the respective mineral at the sample temperature. Negative and positive SI values represent the potential for dissolution and precipitation, respectively.
Results and Discussion
18 O/ D Isotopes and Groundwater Origin.
Water isotopic data can be used to determine the atmospheric moisture sources and meteorological and geographical factors that cause rain. The relationship between the D and 18 O levels for the surface water and groundwater is shown in Figure 5 . The stable isotope data of the groundwater varied from −60‰ to −25‰ for D and from −8.6‰ to −2.5‰ for 18 O. The D and
18 O levels for the surface water (the river water and the lake water) ranged from −56‰ to −28‰ and from −6.2‰ to −2.6‰, respectively. A local meteoric water line (LMWL) for Hong Kong was used to interpret the data in this study. The isotope composition of the precipitation was plotted along the LMWL using the following equation: D = 8.1 18 O + 11.4 (which had a correlation coefficient, 2 , of 0.99, using data from the International Atomic Energy Agency). The isotopic data for the groundwater were linearly fit using the regression equation study region. Additionally, Figure 5 shows that the isotopic composition of most of the groundwater (except for sampling sites numbers G32 and G37 in the region of study) lies within a narrow range, confirming that these groundwater samples had the same recharge source. Furthermore, the isotope compositions of the groundwater and surface water samples are primarily along the LMWL, which indicates that they are of meteoric origin. The isotope composition in the precipitation was depleted by the monthly amount of precipitation ( Figure 6 ). Shallow groundwater originates from precipitation; thus, the isotope composition of the groundwater was D < −25‰ and 18 O < −2.5‰. The isotope composition of the monthly precipitation showed that only rainfall from June to September (−5.93‰ < 18 O < −3.29‰ and −29.9‰ < 18 O < −50.3‰) recharged the groundwater. The climate in the Leizhou Peninsula is affected by air masses with different qualities in the summer and winter [26] , which results in different D and
18 O levels during these seasons [31] . However, during the summer, higher temperatures and an abundance of surface water bodies may serve as moisture sources for precipitation with local origins [32] . In addition, surface water samples are considered isotopically heavier than groundwater because of evaporation [33] . This consideration can be used to explain why the groundwater and surface water samples lay below the LMWL ( Figure 5) ; that is, these samples were primarily affected by enhanced moisture loss [34] . The D and
18 O levels of the groundwater were most similar to the stable isotope levels for precipitation during the summer, which implies that the groundwater was affected by the rainfall from the local air mass. The surface in the study region is covered by 2.5 to 3 m of thick, red soil underneath the basalt. Red soils have high hydraulic conductivities between 6.16 × 10 −7 and 1.11 × 10 −4 m/s. In addition, cracks are often found on the soil surface when the top layer dries upon exposure to sunshine. Thus, it is very easy for rainwater to infiltrate the soil [22] . However, the volcanic basaltic aquifer had higher infiltration coefficients (3% to 20% of the total rainfall) [20] . These factors suggest that storm water rapidly infiltrates through open fractures and joints in the rocks to recharge the groundwater. 18 O for precipitation, surface water, and groundwater in Leizhou Peninsula. The isotope levels in groundwater (except for sampling sites numbers G32 and G37 in the study region) lie within a narrow range.
The Water Quality and Spatial
The major ionic data for the water samples are shown in Supplementary − concentrations in the surface water were below the water quality standards for drinking water sources in China (N-NO 3 − , 10 mg/L), but these concentrations were greater than the standards for certain groundwater samples (sampling sites numbers G3, G8, G12, G14, G18, G28, G42, and G49). NO 3 − is the most common water contaminant, and NO 3 − pollution is increasing because the number of anthropogenic sources is increasing. In recent years, the agricultural land area in the Leizhou Peninsula has increased by approximately 2,000,000 acres. In addition, copious amounts of nitrogenous fertilizer and phosphate fertilizers have been used, which have increased the groundwater NO 3 − concentrations [36] .
The major ion compositions varied in the groundwater samples. However, these samples were generally Ca 2+ + Mg 2+ -rich with no dominant type of anion ( Figure 3 ). The triangular diagram shows that the groundwater chemistry was mainly characterized by three groups in the northern area. The first group was Na accounted for 30-60% and 20-45% of the total cations, respectively. However, the groundwater in the southern area could be classified as Ca 2+ -Mg 2+ -HCO 3 − -type, which accounted for 74% of the total anions and cations. In addition, the Na + -Cl − -type and Na + -HCO 3 − -type groundwater accounted for 72% of the groundwater in the northern area and 28% of the groundwater in the southern area (Figure 7) , which indicated that the chemical characteristics were different between the northern area and southern area.
In addition, the water was mainly characterized as Ca 2+ -HCO 3 − -type in the inland areas and as Na + -Cl − -type along the west coast ( Figure 7 ). Hills are located in the middle of the southern area, the tallest of which is located in Shimaoling with an elevation of 259 m. Two taller hills are located northeast of the northern area, and the highest point, with an elevation of 120 m, is located in Beiling (Figure 2(c) ). The shallow groundwater could significantly affect the direction of groundwater flow. Thus, the groundwater flows from a higher topography to a lower topography (see Figure 2(a) ; [21] Figure 1 show that the groundwater had a lower TDS (<150 mg/L) in the inland areas and a higher TDS (>300 mg/L) along the coast. Farid et al. suggested that the leaching of salts during waterrock interactions affects groundwater chemistry, along with evaporation losses during groundwater flow processes [37] .
In addition, seawater intrusion increases the TDS contents in the coastal area [38] . Therefore, increases in the TDS contents along the direction of groundwater flow from inland areas to the coast likely resulted from the dissolution of minerals, evaporation, and seawater intrusion.
However, the frequency of occurrence and the magnitude of the natural processes in a region vary with time, and their influences are reflected in groundwater hydrochemistry as wide temporal fluctuations [39] . The clearest seasonal variations in groundwater composition were detected in many studies [40] [41] [42] , with low concentrations during the wet season and high concentrations during the dry season. The groundwater samples in this study were collected from the Leizhou Peninsula in June 2006, which is the wet season. Thus, the chemical composition can represent the groundwater chemistry during the wet season. The concentration was lower than that during the dry season.
Mechanisms Controlling Natural Water Chemistry.
A Gibbs diagram of the surface water and groundwater samples in Leizhou Peninsula is shown in Figure 4 . Most of the surface water and groundwater samples were obtained in areas that were dominated by rock-water interactions where the ratios of Na + /(Na + + Ca 2+ ) or Cl − /(Cl − + HCO 3 − ) were less than 0.5. Samples with Na + /(Na + + Ca 2+ ) or Cl − /(Cl − + HCO 3 − ) ratios greater than 0.5 and TDS levels between 16 and 776 mg/L showed that the groundwater chemistry was controlled by not only rock weathering and/or atmospheric precipitation but also the saline water mixing or evaporation. In addition, Figure 8 shows that most of the water samples were slightly below saturation with respect to dolomite (CaCO 3 ) and calcite (Ca 2 Mg(CO 3 ) 2 ).
The Tianyang volcanic rocks are composed of alkaliolivine basalt, which mainly consists of olivine, pyroxene, and plagioclase [43] . In the presence of slightly acidic rainwater, the original silicate minerals are quickly and incongruently dissolved (Ca > Na > Mg > K > SiO 2 ) [44] . The volcanic basalt of Leizhou Peninsula contains large amounts of Si, Fe, Ai, Ca, Mg, and Na [45] . The rock-water interactions in basaltic aquifers (CO 2 -H 2 O-basalt) are schematically summarized in (2) and (3) [46] . The relevant chemical equations are as follows:
Na (Ca, Mg, Fe) Si 3 AlO 8 + ( + 2 + 3)
Many studies have shown that these rock-water interaction equations are equal in basaltic aquifers using reactivepercolation experiments and field investigations [47] [48] [49] . Herrera and Custodio showed a high HCO 3 − content between 305 and 549 mg/L on the volcanic island of Fuerteventura Island, Spain [50] , which potentially resulted from the relatively high CO 2 partial pressure in the soil gas after the water-rock reactions. During this process, cations and balancing bicarbonate ions are released into the water and formed new aluminosilicates, such as kaolinite and smectite. In addition, a negative saturation index (SI < 0) indicates undersaturation conditions and the dissolution of mineral phases (Figure 8 ). This value could correspond with the characteristics of water from a formation with insufficient mineral contents or short residence times [51] . The undersaturation of carbonates suggests that soluble carbonates mineral phases were absent in the host aquifer and that the dissolution of CO 2 potentially contributed carbonates to the groundwater ( (2) and (3)).
To understand regional hydrologic processes, statistical analyses of the correlations between certain pairs of parameters are shown in Figure 9 . (Figure 9) indicated different sources for Mg 2+ , Ca 2+ , and Cl − . In areas close to the sea, sea salt is a major contributor to sodium and chloride deposition, and the molar Na/Cl ratio in precipitation is typically equal to that of sea salt (0.86 molar values, [53] ). However, calculation of the Na/Cl ratio is useful in sites that are far from the sea, with a range between 0.5 and 1.5 (molar values) considered to be acceptable [54] . These results indicate that the surface water and groundwater were influenced by seawater in the study region. Therefore, we can conclude that storms and typhoons carry salinity from the sea [55] and recharge groundwater through rainfall. In conclusion, the groundwater chemistry was potentially dominated by rock weathering and seawater carried by the Asian monsoon.
Conclusions
Isotopic and hydrochemical analyses were used to investigate the sources and recharge mechanisms of the groundwater in the Leizhou Peninsula. Most of the surface water and groundwater is considered to be fresh water and contains low ion concentrations. Nonetheless, the amount and quality of groundwater were affected by human activity to some extent. The bedrock in the southern area is covered by volcanic topography; thus, the chemistry of the groundwater in this region is different than that in the northern area. The groundwater in the southern area is classified as Ca 2+ -Mg 2+ -HCO 3 − -type with similar ion compositions, which indicates rapid and frequent water-rock exchange in the region. The groundwater type in the northern area is complex and is classified as the HCO 3 − + Ca 2+ + Mg 2+ -type and Na + + Cl − -type, which represent low rates or the absence of modern recharge.
The regression equations of D and 18 O for the surface water and the groundwater are similar to those for precipitation, which indicated meteoric origins. The D and
18 O levels in the groundwater in this region are within a narrow range and are lower than those for winter precipitation. Additionally, the Na + /Cl − ratio of the surface water and the groundwater samples is identical to that of seawater. This result confirms that only rainfall with significant precipitation can recharge the groundwater.
This study has several limitations. Although seasonal influences are important for groundwater chemistry, the chemical composition data considered in this study represent only the groundwater chemistry during the wet season. The chemical concentrations were likely lower during the wet season than during the dry season.
Groundwater is considered to flow from inland areas to the coast, and the geochemical processes that occur during rock weathering reactions release Na + , Ca 2+ , Mg 2+ , and HCO 3 − into the groundwater along the flow path. The HCO 3 − concentrations are correlated with the Ca 2+ , Na + , and Mg 2+ concentrations in the groundwater, and the Cl − and Na + concentrations are strongly correlated in all of the samples. A reasonable conclusion is that the groundwater chemistry is dominated by rock weathering and that the seawater was carried by the Asian monsoon. These two processes result in a good positive correlation between the Na + + Ca 2+ + Mg 2+ and HCO 3 − + Cl − concentrations. Several basaltic volcanic aquifers exist around the world. Because of their relatively rapid hydrolysis and high hydraulic conductivities, studies of basaltic aquifers are important. These results highlight the meteoric origins, rock-water interactions, and seawater carried by monsoons in groundwater flow processes and can be applied in the future to better manage basaltic volcanic aquifers. (no. C15RC00090). The authors thank the anonymous reviewers for their time and effort.
